2
The α-HL was injected adjacent to the aperture in the cis chamber, and pore insertion was determined by a well-defined jump in current value. Once a stable single-pore insertion was detected, analyte solution was added to the cis chamber, proximal to the aperture. Data was collected using a threshold level that was 20 pA from the baseline open channel current. Analysis of all data was performed by ClampFit 10.2 (Axon Instruments, Forest City, CA, USA) and OriginLab 8.0 (OriginLab Corporation, Northampton, MA, USA).
The raw current data events were analyzed by measuring both the magnitude of the ionic current blockage and the duration of the current blockage on a home designed software. Thus, each event consists of two data points described as blockage current magnitude and duration. Based on previous literature, [1] the blockage of ionic flow under applied potentials is the result of biopolymers transiting the pore, resulting in a restriction in ionic flow. Reported standard deviations are based on the three separate experiments.
Analyzing of compound 1 and P7 using an α-HL pore
Compound 1 displays a typical spectrum of collagen with a maximum at 226 nm, a minimum at 206 nm, and a crossover at 219 nm. The peptide (P7) used in this study exhibited a high propensity for triple-helix formation. [2] The circular dichroism (CD) spectral data of compound 1 is comparable to the control compound (Gly-Pro-Hyp) 7 -Cys (P7), as shown in Fig.S1 . To confirm the triplex formation of collagen in compound 1, we used the ratio of the positive peak intensity over negative peak intensity, R pn . For compound 1 and P7, the R pn values are 0.22 and 0.17, respectively. These results indicate the presence of triple-helical conformations is established for compound 1 and control compound P7 at 20 ˚C and pH = 7.80. As the solution temperature gradually increased from 15 ˚C to 90 ˚C, the CD spectrum for compound 1 changed gradually, shows a pattern featuring the triple helix polypeptide in compound 1 with slight damage to the triple helix at higher temperature.
The resulting T m value is 56 ± 2 ˚C providing an indication of the conformational stability of triple helix for compound 1 (Fig. S1c) .
We investigated the translocation of the P7 peptide through an α-HL nanopore and were able to discriminate the different degrees of association of P7 in real time based on the characteristic current signatures of individual translocation events. A P7 molecule was driven into α-HL from the cis side to the trans side of the pore at + 100 mV, resulting in a pulse-like signal (Fig.S2a) . The current blockages associated with the translocation events fall into two populations positioned at 0.76 ± 0.02
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The assignments of the current blockage peaks of P7 are similar to those that have been reported previously. [3] Thus, the translocation events of PI are assigned to P7 passing through the pore as a triple helix, whereas the events of PII are assigned to the collisions or the translocations of the dimer/monomer of P7. Most of the events fall into PI, with a lifetime of 0.44 ± 0.07 ms (Fig.S2d) , indicating that P7 is prone to adopt a triple helical structure. The events in PII have a lifetime of 0.15 ± 0.03 ms, as illustrated in Fig.S2e . Gaussian function fitted to the duration histogram, and the fitted value of duration is 0.45 ± 0.05 ms.
Translocation of compound 3 through an α-HL pore
Compound 3 were synthesized by conjugating B20 to another B20 instead of colleagen-like p7
( These events correspond to the bumping and collisions of compound 3 ( Fig.S7a-f ). The number of events in PIII increased when the applied potential was increased. The hydrogen bonds between base pairs might exist between two compound 3 molecules because of the flexible poly(ethylene glycol) 3 linkage. Thus, compound 3 undergoes an unzipping process before translocation, which contributes to the blockages corresponding to PIV and PIII. Interestingly, the percentage of events with the three-segment signature among all the events increased with the positive potential. These percentages are ~ 2% at + 100 mV, ~ 5% at + 120 mV and ~ 20% at + 140 mV.
At a potential of + 140 mV, the durations of S I were fitted to a two-exponential function, giving the values of 0.52 ± 0.05 ms and 5.18 ± 0.26 ms (Fig.S8a) . Although the high potential will limit the hydrogen bonds between B20, it is impossible that each compound 3 adopts the linear form in the bulk solution. The fitting of t I suggests the linear and folded form of compound 3 co-exist in the solution. The small duration of S I attribute to the translocation of linear form while the large duration is appointed to the unfolding process of compound 3 before the translocation. Gaussian fitting of the
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This journal is © The Royal Society of Chemistry 2012 8 experimental results gave the value of t III = 0.45 ± 0.05 ms (Fig.S8b) , which suggests a deterministic translocation. It is important to note that both PIV and PIII have three-segment signatures. The values of the blockage current for the three-segment events at + 140 mV were 0.69 ± 0.03, 0.50± 0.02 and 0.70 ± 0.03, respectively ( Fig.8f-g ). Therefore, the signals with flat bottoms in PIII and PIV might be attributable to the collisions of compound 3 with the α-HL.
Previous studies indicated that oligonucleotides could traverse through α-HL from the cis side to the trans side. 4 Besides, the poly(ethyleneglycol) polymer was driven into α-HL and proved to decrease the single-channel conductance. [5] [6] [7] [8] [9] [10] Thus, The typical three-segment events confirming the reproducibility of the three-segment signals which strongly indicates the translocation of compound 1 and 2.
Fig.S6
The structure of compound 3. Two 20-mer oligonucleotides were conjugated using poly(ethylene glycol) 3 and this compound is denoted compound 3.
Electronic less than the time corresponding to the peak value, the curve follows a relatively steep rise, and for times greater than the time corresponding to the peak value, the curve is well approximated by an exponential decay, and the fitted value is 1.46 ± 0.12 ms. Each segment of the blockage current was fitted to a Gaussian function in (d) i I , (e) i II and (f) i III , respectively.
Analyzing compound 4 using an α-HL pore
Compound 4 which comprises two P7 segments as illustrated in Fig.S9 , was synthesized and driven into the α-HL. The addition of compound 4 into the cis side of the nanopore produced short-lived current blockages at + 100 mV (Fig.S10a) . The majority of events fall into one population at i/i 0 = 0.56 ± 0.04, with a peak duration of 0.45± 0.03 ms, as shown in Fig.S10b-d .
When the potentials were increased from + 100 mV to + 140 mV, no typical three-segment signal appeared, and only a pulse-like signal was observed (Fig.S10a,e) . A new population was found with the peak value of 0.25 ± 0.04 at + 140 mV (Fig.S10g) , which indicates that a compound 4 molecule is prone to bump at the vestibule of the α-HL pore. The duration time of the events remains approximately constant with increasing potential from + 100 mV to + 140 mV (Fig.S10d,h ). These results suggest that once the positively charged compound 4 enters the vestibule of the α-HL, it
Electronic Supplementary Material (ESI) for Chemical Communications This journal is © The Royal Society of Chemistry 2012
frequently exits the nanopore from the cis side rather than traverses the nanopore. Thus, in comparison with compound 1 and compound 4, the B20 component is prior to enter the cavity of α-HL to ensure the following translocation of compound 1.
Fig.S9
The structure of compound 4 which was synthesized by linking two P7 molecules through 1,6-bismaleimidohexane. Histogram of the durations for compound 4 at + 140 mV. A Gaussian function was used to fit this distribution, which gave the value of t = 0.33 ± 0.05 ms.
Analyzing the disassembly compound 1 and 2 using an α-HL pore
Our studies show that a small population of compound 1 and 2 adopt a monomeric-linear structure due to the disassembly of the peptide component in solution. The passage of a molecule through a nanopore is a single molecule event, which provides structural information about each molecule.
About 10% of all translocation events of compound 1 and 2 are sorted into the types as "partial-then-deep" (Fig.S11a) and "deep-then-partial" (Fig.S11b) , illustrating that nanopore biosensor could distinguish compound 1 and 2 with monomeric-linear peptide among all the species.
After analyzing these events for compound 1 in great detail, two current levels IV and V were observed. The current distributions of each level were fitted to a Gaussian function ( S1b) and of the 20-mer oligonucleotide sequence (Fig.S3b) , respectively. Thus it is reasonable to assume that the differences in the observed blockage currents are caused by a gradual entry of the disassembly compound 1 into the β-barrel part of the α-HL pore. The "partial-then-deep" blockage is responsible for the monomeric P7 entering into pore first and the "deep-then-partial" blockage is attributed to B20 leading the molecule into the pore. The duration time of these types of events is 0.40 ± 0.04 ms (Fig.S12b) , smaller than the events caused by compound 1 that adopts a triple helical collagen-like arrangement. The similar distributions of blockage current were carried out in the nanopore assay of compound 2 (i IV /i 0 = 0.61 ± 0.04, i IV /i 0 = 0.81 ± 0.03), comfirming the reproducibility of these two types of events (Fig.S13a) . As a result of the increased length of the oligonucleotide component, the lifetime of "partial-then-deep" and "deep-then-partial" events for compound 2 increased to 0.55 ± 0.04 ms (Fig.S13b) . Therefore, the α-HL nanopore can be used to discriminate the different structures of compound 1.
Electronic Dithiothreitol, 4,4′-dithiopyridine and dimethyl formamide were purchased from Sigma-Aldrich (St.
Synthesis
Louis, MO, USA). DNAs were purchased from Sangon Biotech Co., Ltd. (Shanghai, P. R. China).
All reagents were used as provided. All solutions were prepared using deionized Millipore water (18.2 M•cm) obtained from a Milli-Q system (Billerica, MA, USA).
The collagen-like triple helical peptide (Pro-Hyp-Gly) 7 -Cys(SH) was provided by Dr.
Heinz-Bernhard Kraatz. The thiol group in the helical peptide (1.0 M, 100 l) was activated by treatment with dithiothreitol (1.5 M, 100 l). The resulting solution was stirred for 36 hours at 40C
and purified by reversed phase HPLC (RP-HPLC). This reaction product was further reacted with a 4,4′-dithiopyridine (1.5 M, 100 l) solution containing phosphate buffer (pH ~ 5-6) in dry dimethyl formamide, which was allowed to react overnight at room temperature. Then, the thiopyridylated peptide conjugate was purified by RP-HPLC and subsequently dried under vacuum.
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The 5'-disulfide-labeled and 3'-fluorescein (Fl)-labeled 20-mer oligonucleotide was synthesized by standard phosphoamidate solid-phase DNA synthesis using a fully automated DNA synthesizer, purified by reversed-phase HPLC and then characterized using electrospray ionization mass spectrometry. The procedures for verification of the purity and identity of the oligonucleotide are included below. A 4-nM solution of the DNA oligonucleotide terminated with a six-carbon linker at the 5' end was reduced using dithiothreitol (1 M) and stirred for 12 hours at 40 C. The reduced product was collected by RP-HPLC directly into the thiopyridylated peptide conjugate solution, and the reaction mixture was stirred for 36 hours at room temperature. The final product was then purified by reversed-phase high-performance liquid chromatography (RP-HPLC) using a water-acetonitrile system. For the nanopore analysis, a portion of the product was further purified by preparative HPLC using a water-acetonitrile system (40 %, v/v) and a Vydc C-18, 25 × 2.2 cm preparatory column. The compound was eluted with a gradient of aqueous acetonitrile containing TFA (0.1%, v/v) at a flow rate of 16.6 mL/min. The purified compound was obtained by collecting the major peak with absorbance at 260 nm, which occurred between 32 and 77 % acetonitrile. The HPLC-purified compound was analyzed using electrospray mass spectrometry using a QSTAR XL-MS/MS ion-spray source. Before analysis, the product was stored in a refrigerator (4 C) for at least 1 week to allow triple-helix formation to reach equilibrium. 77% acetonitrile. The HPLC-purified compound was analyzed using electrospray mass spectrometry using a QSTAR XL-MS/MS ion-spray source.
Synthesis of compound

Characterization of analytes
Circular dichroism (CD) spectra were recorded using a π*-180 spectrometer (Applied Photophysics Ltd, UK) equipped with a model 2-16 isotemp refrigerator circulator (Fisher Scientific, Pittsburgh, Pa, USA), which was interfaced to an Acorn PC. A rectangular 2-mm path length cell was used. The spectrometer was routinely calibrated with an aqueous solution of (1S)-(±)-10-camphor-sulfonic acid. The mean residue molar ellipticities were calculated according to the following equation:
[θ] = [θ] obs /10 × lcn where [θ] obs is the observed ellipticity measured in degrees, l is the path length of the cell in centimeters, c is the molar concentration, and n is the number of amino acid residues in the peptide.
The obtained spectrum for the analyte was an average of eight scans using a slit width of 0.5 nm. 
